Black pepper (Piper nigrum) is historically one of the most important spices and herbal medicines, and is now cultivated in tropical regions worldwide. The essential oil of black pepper fruits has shown a myriad of biological activities and is a commercially important commodity. In this work, five black pepper essential oils from eastern coastal region of Madagascar and six black pepper essential oils from the Amazon region of Brazil were obtained by hydrodistillation and analyzed by gas chromatography-mass spectrometry. The major components of the essential oils were α-pinene, sabinene, β-pinene, δ-3-carene, limonene, and β-caryophyllene. A comparison of the Madagascar and Brazilian essential oils with black pepper essential oils from various geographical regions reported in the literature was carried out. A hierarchical cluster analysis using the data obtained in this study and those reported in the literature revealed four clearly defined clusters based on the relative concentrations of the major components.
Introduction
Genus Piper (Piperaceae) is represented by about 1500-2000 species of perennial evergreen climbing, lianescent herbs or shrubs distributed in tropical and subtropical regions. Pepper (Piper nigrum L.) is one of the oldest and most extensively used spices and traditional medicines known to mankind. The plant is believed to have originated in India and Indonesia, and has been cultivated throughout the tropical regions [1] [2] [3] . India, Brazil, Indonesia, Malaysia, Vietnam, and Sri Lanka are the major countries of P. nigrum production [3, 4] . The plant can reach up to 50-60 cm in height [5] and is characterized by its simple, alternate leaves, with a few rare cases of opposite or verticillate leaves [1] . The most commonly used part of the plant is the aromatic fruit. Interestingly, white, green, and black peppers are products of the P. nigrum fruits at different ripening stages [3] . White pepper is obtained from the fully ripened fruits after removing the outer skin, green pepper is the unripe fruits, and black pepper is collected before full maturity of the fruit [1, 3] . Black pepper has a stronger flavor compared to white pepper while green pepper is characterized by its fresh and herbal flavor. The alkaloid piperine is responsible for the pungent flavor of black pepper [3] .
P. nigrum is well-known for its medicinal properties. Traditionally, it has been used in many Asian countries for treating indigestion, asthma, pain, respiratory tract infections, and rheumatoid arthritis [6] . It is also a stimulant, digestive, tonic, and antiseptic [5] . Black pepper essential oil (EO) showed antioxidant, carminative, larvicidal, antibacterial, and antifungal activities [2, 7, 8] . P. nigrum oil showed strong antibacterial activity against Acinetobacter calcoacetica, Alcaligenes faecalis, Bacillus subtilis, chromatography-mass spectrometry (GC-MS). A total of 78 compounds were identified accounting for more than 99% of the compositions. The oils were mainly made of monoterpene hydrocarbons (59.2-80.1%) and sesquiterpene hydrocarbons (17.0-37.7%) while oxygenated terpenoids accounted for about 1.3-2.7%. The major components were α-pinene (5.1-28.7%), β-caryophyllene (8.7-25.6%), limonene (15.1-19 .5%), β-pinene (9.1-15.3%), and δ-3-carene (9.0-12.8%; Table 1 ). a RI = "Retention Index" determined in reference to a homologous series of n-alkanes. b Retention indices from the databases [22, 23] . c tr = "trace" (<0.05%). d This compound may be cyclocopacamphene, an epimer of cyclosativene.
Six different cultivars ("Bragantina", "Cingapura", "Clonada", "Equador", "Guajarina", and "Uthirankota") of P. nigrum, cultivated in Pará State, Brazil, were collected, hydrodistilled, and analyzed ( Table 2 ). The oil yields (%) calculated for the cultivars ("Bragantina", "Cingapura", "Clonada", "Equador", "Guajarina", and "Uthirankota" were 0.86%, 0.21%, 0.85%, 0.64%, 1.49%, and 1.06%, respectively.
These P. nigrum fruit essential oils were also rich in monoterpene hydrocarbons (76.6-89.5%) and sesquiterpene hydrocarbons (0.8-17.8%), but also had sizeable quantities of oxygenated monoterpenoids (2.2-8.2%), and oxygenated sesquiterpenoids (0.6-5.0%). The major components in the black pepper oils from Pará State were β-pinene (20.3-48.0%) and limonene (24.3-38.1%).
The oil compositions presented in this work show quantitative similarities and differences from previously published studies on black pepper oils. Bagheri and co-workers compared the composition of Malaysian pepper oils obtained by hydrodistillation and supercritical carbon dioxide extraction (SC-CO 2 ). The hydrodistilled oil was made of β-caryophyllene (18.60%), limonene (14.95%), sabinene (13.19%), β-pinene (9.71%), δ-3-carene (8.56%), and α-pinene (7.96%) while the SC-CO 2 oil had β-caryophyllene (25.38%), limonene (15.64%), sabinene (13.63%), δ-3-carene (9.34%), and β-pinene (7.27%) [5] . The major components in black pepper corn oils of Malaysian origin extracted by simultaneous distillation and extraction (SDE) were limonene (23.9-29.7%), β-pinene (15.6-19.0%), β-caryophyllene (10.3-14.0%), δ-3-carene (8.7-10.6%), and α-pinene (6.6-7.3%) while the ground pepper oil had β-caryophyllene (38.1-63.0%), limonene (3.0-14.3%), δ-3-carene (3.0%-13.8%), and β-pinene (1.5-5.9%) [3] . 1118
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Hydrodistillation of P. nigrum fruits grown in Cameroon produced an oil made of δ-3-carene (18.5%), limonene (14.7%), β-caryophyllene (12.8%), sabinene (11.2%), α-pinene (5.6%), and β-pinene (6.7%) [1] . α-Pinene (25.4%), limonene (21.0%), β-pinene (15.7%), and δ-3-carene (10.8%) were reported as the main constituents of P. nigrum fruit oil from Madagascar [24] . Interestingly, Chinese pepper EO obtained by microwave distillation and headspace solid-phase microextraction (MD-HS-SPME) has shown β-caryophyllene (23.49%), δ-3-carene (22.20%), limonene (18.68%), and β-pinene (8.92%) as the main constituents [19] . A steam-distilled oil from India contained β-caryophyllene (23.98%), limonene (14.36%), α-terpinene (13.26%), caryophyllene oxide (8.04%), and α-pinene (5.0%) [8] while a hydrodistilled sample from India had β-caryophyllene (29.9%), limonene (13.2%), β-pinene (7.9%), and sabinene (5.9%) [2] . Martins and co-workers obtained P. nigrum EO from S. Tome e Principe (hydrodistillation) and found limonene (18.8%), sabinene (16.5%), β-caryophyllene (15.1%), β-pinene (10.7%), and α-pinene (5.7%) as the main constituents [24] . The oil obtained from ground black pepper (supercritical fluid extraction, USA) was made of β-caryophyllene (21.77%), limonene (19.82%), δ-3-carene (14.34%), sabinene (11.64%), and myrcene (7.70%) [20] . Several authors have analyzed various geographical varieties of essential oils of black pepper including Thevanmundi [25] , Poonjaranmuna [25] , Valiakaniakadan [25] , Subhakara [25] , Sreekara [26] , Kuching [26] , Vellanamban [26] , Aimpiriyan [27] , Narayakodi [27] , Neelamundi [27] , Uthirankotta [27] , and Panniyur [28] .
Based on P. nigrum essential oil compositions, a hierarchical cluster analysis of the oils from this work (five samples from Madagascar and six samples from Pará state, Brazil) and those reported in the literature (65 samples, Table 3 ) was carried out. The cluster analysis revealed four clearly defined clusters (Figure 1 ). The cluster centroids of the major components of P. nigrum oils are summarized in Table 4 , illustrating the chemical differences in the three classes: Class #1 (β-caryophyllene > limonene > β-pinene > sabinene > α-pinene), Class #2 (β-caryophyllene > sabinene > limonene > β-pinene > α-pinene), Class #3 (limonene > β-caryophyllene > δ-3-carene > α-pinene > β-pinene), and Class 4 (β-pinene ≈ limonene > β-caryophyllene > α-pinene > myrcene). The first cluster was the largest representing 26 samples. APRC sample DT162718 fell in the second cluster that represents 22 samples while D170201A, FO170518Y, FO170518Z, and Re180525F fell in the third cluster that represents 17 samples. All of the Belem cultivar samples fell into the fourth cluster of 11 samples. 
Materials and Methods

Essential Oils
Volatile oils from commercial suppliers were obtained from the collections of the Aromatic Plant Research Center (APRC, Lehi, UT, USA). The samples from Pará state were provided by EMBRAPA Amazônia Oriental (Brazilian Agricultural Research Corporation) and obtained by hydrodistillation in a Clevenger apparatus (100 g, 3 h). The oils were dried over anhydrous sodium sulfate and their yields calculated from the dry weight of the plant material.
Gas Chromatographic-Mass Spectral Analysis
The essential oils obtained from APRC were analyzed by gas chromatography-mass spectrometry (GC-MS) using a Shimadzu GCMS-QP2010 Ultra operated in the electron impact (EI) mode (electron energy = 70 eV), scan range = 40-400 atomic mass units, scan rate = 3.0 scans/s, and GC-MS solution software. The GC column was a ZB-5 fused silica capillary column with a (5% phenyl)-polymethylsiloxane stationary phase and a film thickness of 0.25 µm, a length of 30 m, and an internal diameter of 0.25 mm. The carrier gas was helium with a column head pressure of 552 kPa and flow rate of 1.37 mL/min. The injector temperature was 250 • C and the ion source temperature was 200 • C. The GC oven temperature was programmed for 50 • C initial temperature, then temperature was increased at a rate of 2 • C/min to 260 • C. A 7% w/v solution of the sample was prepared in dichloromethane and 0.1 µL was injected with a splitting mode (30:1).
Qualitative analysis of the Belém samples was carried out by gas chromatography-mass spectrometry (GC-MS) (Shimadzu QP2010 plus instrument, Shimadzu Scientific Instruments, Columbia, MD, USA) under the following conditions: Rtx-5MS silica capillary column (30 m × 0.25 mm film thickness, (Phenomenex, Torrance, CA, USA); programmed temperature, 60-240 • C (3 • C/min); injector temperature, 200 • C; carrier gas, helium, adjusted to a linear velocity of 1.2 mL/min; injection type, splitless; split flow was adjusted to yield a 20:1 ratio; septum sweep was a constant 10 mL/min; EIMS, electron energy, 70 eV; and temperature of the ion source and connection parts, 200 • C. The retention indices were calculated for all the volatile constituents using a homologous series of n-alkanes (C 8 -C 32 , Sigma-Aldrich). Identification of the oil components was based on their retention indices and by comparison of their mass spectral fragmentation patterns with those reported in the literature [23] , and our own in-house library [24] . The component percentages are based on peak integrations without standardization.
Hierarchical Cluster Analysis
P. nigrum oils obtained from this work as well as the published literature were used in the cluster analysis. The essential oil compositions were treated as operational taxonomic units (OTUs), and the concentrations (percentages) of the major components (α-thujene, α-pinene, camphene, sabinene, β-pinene, myrcene, α-phellandrene, δ-3-carene, p-cymene, limonene, β-phellandrene, (E)-β-ocimene, terpinolene, linalool, δ-elemene, α-cubebene, α-copaene, β-elemene, β-caryophyllene, α-guaiene, α-humulene, germacrene D, β-selinene, α-selinene, α-farnesene, β-bisabolene, δ-cadinene, elemol, and caryophyllene oxide) were used to determine the chemical associations between the essential oils using agglomerative hierarchical cluster (AHC) analysis using XLSTAT Premium, version 2018.5.53172 (Addinsoft, Paris, France). Dissimilarity was determined using Euclidean distance, and clustering was defined using Ward's method.
Conclusions
The essential oils of black pepper have been analyzed by GC-MS. The oils were dominated by monoterpene hydrocarbons. Black pepper oils from various geographical locations have shown qualitative similarities with differences in the concentrations of their major components. β-Caryophyllene, limonene, β-pinene, α-pinene, δ-3-carene, sabinene, and myrcene were the main components of P. nigrum oil. The cluster analysis revealed four clearly defined clusters for P. nigrum. 
